Abstract: Upgrading conventional vehicles to hybrid electric vehicles (HEV) can represent a viable and feasible way to reduce fuel consumption and emissions, particularly in urban areas. Hybridisation to a through the road (TTR) parallel hybrid structure is obtained by integration of wheel motors in rear wheels, the addition of an additional battery, of photovoltaic panels and a vehicle management unit using data from OBD port. In the paper, the main aspects related to the vehicle hybridisation concerning the impact of different system architectures on optimal energy management, real-time measurement of active gear and neutral gear, and effects of control system structure on vehicle-driver interaction are presented and discussed.
Introduction
Today, the majority of the personal transportation energy comes from petroleum, which is used either in form of gasoline or diesel in conventional vehicles (CV) powered by internal combustion engines. About one-fifth of the EU total emissions of carbon dioxide (CO 2 ), the main greenhouse gas, comes from road transport contributes. Furthermore, CO 2 emissions from road transport increased by nearly 23% between 1990 and 2010, and without the economic downturn growth could have been even bigger. Because of these reasons; passenger cars are required by law to become more efficient and environment-friendly. In the US, the National Highway Traffic Safety Administration (NHTSA) has recently set standards to increase Corporate Average Fuel Economy (CAFE) levels rapidly over the next several years, while in other countries fuel efficiency standards are regulated by way of CO 2 emissions mandates, and are well above those of the USA, as shown in Figure 1 .
In last decade, hybrid electric vehicles (HEV) have emerged as one of the most effective and feasible alternatives to engine-driven vehicles, allowing significant reductions in fuel consumption and emissions (Sciarretta and Guzzella, 2007; Uygan et al., 2010 , Koprubasi et al., 2012 Montazeri-Gh and Mahmoodi-k, 2015) and allowing a gradual transition to electric driving, still affected by some critical issues concerning vehicle range, battery recharging, impact on grid, energy consumption for thermal management, and cost (Foley et al., 2010; Khaligh and Li, 2010) . In order to increase energy saving and face environmental issues, it is possible to integrate solar PV on hybrid or CVs. This integration would be fostered by current trends toward increasing fleet electrification, advances in PV panel technology and reduction in PV cost REN21, 2012; Kim et al., 2014) .
When dealing with automotive systems one might tend to primarily analyse power performance and related issues. In this regard, a first evaluation of the usage of photovoltaic energy in the automotive sector could be discouraging: the power of a solar panel (that could be fitted on a CV) is about two orders of magnitude lower than the power of the engine of a small or medium car. Nevertheless, this simple consideration is misleading. In fact, a small/medium vehicle in urban driving conditions has an average road load of about 8 kW, considering regenerative braking, one order of magnitude less than the car maximum power. Furthermore, a PV panel of about 300 Wp can work at an average power of about two thirds of its maximum power for about ten hours a day. It emerges that solar panels can provide up to 20-25% of the energy required for traction, if the vehicle is used in typical urban driving (i.e., one hour per day) (Rizzo, 2010) . Apart previous studies on solar cars Pudney, 1998: Pudney, 2000; Pudney and Howlett, 2002; Taha et al., 2008) , mostly used for demonstrative purposes and for competitions, the possible application of PV cells to hybrid cars has recently attracted the attention of some research groups (Roohollahi et al., 2014; Tutaj and Fijalkowski, 2015; Singh et al, 2012 Singh et al, , 2013 Ménard et al., 2010; Rizzo et al., 2010; Arsie et al., 2007; Arsie et al., 2008) . Although in this paper we do not discuss in detail the topics related to solar recharge, the hybrid powertrain design (i.e., wheel motor and battery sizing) has been determined starting from previous studies performed on solar hybrid vehicle (Rizzo et al., 2011; Marano et al., 2013) .
Despite the increasing commercial success of HEV's and, partly, of EV's, their market share is still insufficient to produce a significant impact on energy consumption and CO 2 reduction, at least in a short-term scenario. Therefore, the possibility of upgrading CVs to hybrid vehicles is gaining increasing interest (Hall et al., 2016) . One of the most feasible way to convert existing conventional cars into electric hybrid is to add electric traction to the rear axle (in case of front driven vehicle), so realising a separated-axle through-the-road (TTR) parallel hybrid electric vehicle. Hybridisation can be realised both on the existing cars, by means of a kit to be distributed in after market, or by the car maker, at the end of production line: in that way OEM's can enrich their range of cars with hybrid models while avoiding expensive reconversions of the production lines.
This kind of powertrain architecture has received relatively little attention in the literature, compared to the large number of papers on HEV's. A few studies have been dedicated to torque vectoring (Liu et al., 2011; Kaiser et al., 2011) , to management strategy (Fallahi and Niasar, 2014) and to design issues (Young et al., 2007; Meisel et al., 2013) . Applications of TTR concept to motorcycles have also been recently analysed (Asaei and Habibidoost, 2013) .
A proposal of car hybridisation, also including solar recharging by PV cells, has been recently formulated and patented at the University of Salerno (Rizzo et al., 2011 D'Agostino et al., 2014; Naddeo et al., 2014 Marano et al., 2013) . A FIAT Punto has been converted in a solar assisted TTR parallel hybrid electric vehicle. The solar hybridisation allows enhancing energy savings and emissions reduction, due to free solar recharge and partial recovery of braking power. Although the benefits in terms of fuel savings would be lower than on a native hybrid, due to the constraints posed by the TTR structure, and by the absence of downsizing effects, the addition of electric propulsion may offer further advantages, such as:
1 The enhancement of vehicle power and performance (in particular acceleration).
2 Increase in vehicle reliability, due to presence of two propulsion devices.
3 Better driveability, due to the possibility of exploiting advanced vehicle control schemes.
Studies performed by simulation analysis, adopting a set of models experimentally validated, have shown that the solar hybridised vehicle can achieve significant reduction of fuel consumption, up to 20% in typical urban driving Rizzo et al., 2013) . On the other side, while the addition of two electric wheels that could be individually driven can have a positive impact on fuel consumption, emissions, performance and drivability, it can also generate safety and reliability issues, as for every component added in a car. Such topics have not been exploited in this paper that focuses other aspects. We are currently working on studying the potential impact on reduction of over-steering and under-steering by individually piloting the rear wheels. A suitable feedback control can prevent problems of differences in motor performance that could possibly occur, due to wear and aging. These aspects will be further analysed in future work.
Finally, about the convenience of a TTR HEV versus other architectures: it is clear that a vehicle specifically designed as a native hybrid would perform better. Nevertheless, the proposed solution is suitable not only in after market applications, but also to allow re-conversion of CVs at the 'end of line', so avoiding expensive whole redesign of powertrain and production lines.
A kit for solar hybridisation
The conversion of a CV to a hybrid solar vehicle is obtained by installing on the vehicle:
• Two in-wheel motors (WM)
• An auxiliary lithium-ion battery pack
• Flexible photovoltaic panels installed on vehicle roof and hood
• A vehicle management unit (VMU). The VMU can acquire and process data, manage the hardware installed aftermarket and interact with the existing ECU. In that way, the vehicle can operate in pure electric mode (when ICE is switched off or disconnected by the front wheels) or in hybrid mode (when the ICE drives the front wheels and the rear in-WM operate in traction mode or in generation mode, corresponding to a positive or negative torque) (Singh et al., 2013 (Singh et al., , 2012 . The battery can be recharged both by rear wheels, when operating in generation mode, and by photovoltaic panels. The designed control unit receives data from OBD gate, from battery (SOC estimation) and drives in-WM by properly acting on the electric node EN (Figure 2) . A display on the dashboard informs the driver about the actual operation of the system. Table 1 reports vehicle specifications.
In wheel motors
WM constitute one of the most interesting aspects of vehicle hybridisation since they allow to electrify the vehicle and to recover braking energy without impact on mechanical transmission. A typical WM scheme is shown in the following picture (Christensen, 2014) . Moreover, it is worth to underline that installing WM in a CV makes it 4 × 4 traction, augmenting its performance in terms of power, acceleration and vehicle safety. Vehicle stability can be also enhanced adopting advanced electronic control of wheel torque. In order to develop the hybridisation kit patented by University of Salerno, WM produced by Kelly controllers have been procured. Their features are summarised in the following. The power of WM has been chosen starting from studies on fuel economy for a mild solar hybrid vehicle (Rizzo et al., 2011) .Simulations were carried out considering three vehicle configuration (Case 1: conventional, Case 2: hybrid, Case 3: solar hybrid).
The results (Figure 6) show that the optimal impact of fuel economy is reached at about 7-8 kW per wheel, while at higher power the effect of increased weight and the operation of WM at low electric efficiency tend to reduce the benefits, while increasing weight and cost (in particular for solar hybrid configuration).
The further saving in fuel consumption in case of solar hybrid are due to the fact that in such case the vehicle operates in charge depleting mode, while in the hybrid case it works in charge sustaining mode, as in usual hybrids. The rate of battery depletion is computed assuming that the net daily solar charge is consumed in the average driving time (one hour per day). Of course, the relative advantage of solar solution depends on the daily driving time.
A degree of hybridisation of about 16% would result from this choice. It is worth to remark that, at this level of power, no appreciable worsening of drivability due to the increase of unsprung masses has been detected during road tests.
Driver intention and modelling approach
The control strategies implementable on this kind of hybridised vehicle are different from those implementable on a native hybrid vehicle, due to the TTR architecture, which makes engine and electric motors connected only though the road, and to the need of designing a control system coexisting with the original ECU Naddeo et al., 2014) . In the most simple hybridisation structure, gas pedal is directly connected to ECU, as in the CV, while VMU takes data from OBD port and commands WM operation. The driver modulates the pedal position until the desired vehicle power or speed is reached, but with a driver response that is different with respect to the CV. When rear wheels are in traction mode, and WM contribute to traction, the driver will act as if the vehicle is running downhill. Conversely, the hybridised vehicle can operate in recharging mode when the rear wheels absorb part of the power generated by the engine: in this case, the driver will act on the pedal as if the vehicle would run uphill. A study of driver/vehicle interactions is therefore necessary to analyse the effect of hybridisation on driver operation. In this context, the accurate real-time knowledge of the 'driver intention' plays a fundamental role in order to allow an effective and safe control of the WM. Actual driving condition is defined by the position of gas pedal, brake pedal and, in cars with manual transmission, gear position and clutch pedal. In the proposed hybridised car, it is assumed that all the information on driver intention would be achieved by processing in real-time the data acquired via the OBD port. In this way, the adoption of additional sensors on the vehicle (i.e., gas, brake and clutch pedal, gear position) could be avoided. This would reduce the cost of the kit, and makes it possible the same configuration working on different cars. It is worth to remark that the OBD data used for vehicle control are only those available as an open protocol, so avoiding the use of more detailed data available on CAN bus, but subject to authorisation by car makers. In this way it is possible to design a control system in principle implementable on any kind of vehicle equipped with an OBD port. The data available from the OBD port used are listed. Brake and clutch pedal position and active gear are not directly measured. They must be therefore estimated by processing the other variables, and in particular gas pedal position, vehicle speed and engine speed. Braking torque can be computed by real-time solution of the longitudinal model, starting from vehicle speed and acceleration. The techniques to detect active gear, including neutral gear, are described in next paragraph.
Active gear detection
In a hybridised vehicle, unlike in electric vehicles, torque command to WM cannot simply be related to gas pedal position. For instance, when the vehicle stops in the traffic in neutral gear with engine on, WM must be disconnected by gas pedal, since pressing on it would produce an undesired and potentially dangerous traction of the vehicle. The knowledge of active gear, including neutral gear, is therefore fundamental for this kind of vehicle. In order to develop and validate a model, some sets of data acquired with a FIAT Grande Punto have been used. As a preliminary step for control applications, the transmission ratios of the vehicle should be known. These ratios could be provided by car manufacturer, or calculated from the knowledge of wheel radius and transmission ratios at gears and differential. These values could be also identified on the real ratio R between the rotational speed of vehicle wheel and of the engine rotational speed. In that way, it is possible to take into account possible variations with respect to the theoretical values (i.e., due to effective wheel radius, or to different wheels). The active gear could be identified by analysing the actual value of the ratio R between the rotational speed of vehicle wheel and of the engine rotational speed:
where r w is the wheel radius. This ratio assumes some definite values when a gear is active, that can be computed by the knowledge of the transmission ratios at the gear and at the differential (see Table 1 ): In Figure 13 values computed for R are plotted, while dotted red lines represent the values corresponding to the five gears of the car. Because of mechanical effects (backlash, vibrations and elasticity effects in the transmission and in wheel radius) and of the limited resolution of vehicle speed in OBD data, where only integer values are used, the value of R, as defined, is not the same during active gear phases, exhibiting several oscillation respect to a mean value for each gear. The discretisation effect related to the low resolution of the speed is of the order of 1/V and it is almost negligible at high vehicle speed, but becomes very significant when vehicle is running with first gear. Moving averages and digital filtering has been used to process vehicle speed data, to remove the effects of discretisation. Reference values of vehicle speed have been obtained with infinite impulse response (IIR) backward zero-phase filtering (filtfilt), in batch mode (use of future data also). A model to detect current gear has been then developed and tested in real-time on a FIAT Punto. The flow chart is presented in Figure 7 . The gear detection algorithm is based on the comparison of measured transmission ratio with the values corresponding to the five gears, considering a variable error range:
The algorithm has been tested over different real-world cycles made on the FIAT Grande Punto prototype .
Since the set of OBD data used to drive the wheels did not include actual gear index, in order to validate the model a digital video-camera has been posed over the gear stick to compare the recorded time of gear shift with that computed by the algorithm. The difference in time between video and data gear shift have been plotted on a graph, comparing to a bisector line: the agreement between computed and measured data is very high indeed (Figure 8) .
A relative error was defined as:
( ) gs meas gs model gs meas
where t gs meas is the time of each gear shift on the video and t gs model is the time of the same gear shift predicted by the model. The max error is 0.158 % and it has been obtained from a standing start condition in the engagement of first gear at low speeds, while the two-norm error is 0.1596. The presence of a residual error is expected, since the gear is engaged after the actual release of the clutch, and at that time the value of the measured transmission ratio is still oscillating. In fact, without considering the first gear shift, the max error decreases to 0.0126 % and the two-norm to 0.0194. In order to improve the prediction of active gear at low speed (i.e., first gear engagement) and to have a more complete coverage of vehicle operation conditions, a model able to detect the operation in neutral gear has been developed. The model predicts the engine speed dynamics based on two parameters detected from OBD, namely engine speed and pedal position.
A third order polynomial formula has been adopted for the dynamic model: 
The optimal values of the coefficients and their confidence intervals have been identified through linear regression techniques. The model has reproduced the measured data with good precision (Figure 9 ). As evidenced in Figure 11 , the model allows identifying the conditions when the vehicle is in neutral gear. It can be therefore used to precisely detect the time when the driver wants to start engaging first gear (Figure 12 ).
Longitudinal vehicle model and PS definition
As previously mentioned, a longitudinal vehicle model is used on board in order to estimate torque at wheel and to develop vehicle energy management, starting from a limited set of data detected via OBD port (Rajamani, 2012; Sciarretta and Guzzella, 2007) . The model adopted in this work is based on the following hypotheses:
1 the drag force is considered acting on vehicle centre of gravity.
2 vehicle inertia accounts for both vehicle mass (MHSV) and rotational inertia of ICE, EM/EG and wheels, through the term M eff .
3 the effects of elasticity in the mechanical transmission are neglected.
The resulting longitudinal model, working in backward mode (Rajamani, 2012) , relates requested power at wheels P w to the road load, as follows:
where α and v are the road grade and vehicle speed, respectively.
Model coefficients have been estimated via regression analysis starting from coast-down tests on the vehicle (Rajamani, 2012; Grandone et al., 2016) , and a satisfactory model precision has been achieved. The model accuracy is limited by the underlying hypotheses (i.e., by neglecting transmission elasticity, by uncertainty on total mass and on coefficient values during vehicle use and by the simplifying assumptions about rotational inertia). A further source of uncertainty derives of course by the effects of age and wear on vehicle and powertrain. Nevertheless, the use of this simplified longitudinal model is quite diffuse in technical literature, when the focus is on energy management and control (Rajamani, 2012; Sciarretta and Guzzella, 2007) .
Once defined power estimation methodology, it is possible to manage power delivery. In case of positive power demand, the mechanical power is supplied by the ICE (PICE) and/or the wheel motors (PIWM), depending on the control variable power split (PS) defined as:
The control variable PS may range from negative values, in case that ICE provides an extra power to be stored into the battery, to unit (i.e., pure electric vehicle). In all cases the requested power is given as the algebraic sum of ICE and in-WM power:
In case of vehicle braking or deceleration, the regenerative braking mode is activated and the electric power is forwarded to the battery, according to battery power limitations and to in-WM performance and efficiency. It is worth to remark that in this case the PS variable is positive, since both vehicle power and electric power are negative. In particular, during braking phases the fractioning of power/torque between front and rear axle wheels is considered through the definition of a safe braking region (braking without slipping) defined by maximum acceptable braking power/torque on both axles, described in qualitative way in Figure 14 . The maximum regenerative power can be therefore determined considering wheel motor maps and maximum admissible braking forces on rear axle, depending on vehicle deceleration and road conditions. Engine braking, depending on active gear and vehicle speed, is also considered and estimated by a model validated over road tests. Further details about braking phase's management are reported in a recent paper by the authors (Grandone et al., 2016) .
Effects on drivability
Vehicle hybridisation may modify substantially the interaction of the driver with the vehicle. In order to deeply understand the effects of hybridisation on vehicle drivability, a longitudinal model in forward mode (Rajamani, 2012) has been developed and a simulation analysis has been conducted. The model describes vehicle dynamics during an arbitrary mission profile including the driver behaviour and wheels motors actuation. It has four different sub-models:
• internal combustion engine
• wheel motors
• driveline
• driver behaviour.
In particular, the driver is modelled using a PI controller that, starting from the difference between actual and desired speed, generates a power request that will be pulling from either ICE or IWM, or a braking request (obtained through the IWM and/or mechanical braking). The interaction between driver and vehicle can be also modelled by using fuzzy logic or a combination of both (Allen et al., 1996) . The driveline model describes the rotational dynamics of engine, clutch, transmission, final drive and wheels, accounting for rolling and aerodynamic resistance. Depending on the required accuracy and computational demand, different approaches can be adopted for the driveline simulation, corresponding to rigid or elastic systems, with one or more degrees of freedom. For the purposes of the present application, the driveline is described as a rigid body, from the engine crankshaft to the wheels. A two states model, accounting for the engine-transmission friction connection may be introduced for modelling the clutch engaging effect during gear shift or standing start (Arsie et al., 2000) . The model described above is an ideal model with the whole system responding instantly; therefore, in order to obtain results closer to reality, some actuation delays are introduced and their effects on the output of simulations are studied (in particular on the ability of the driver to follow the speed profile imposed). The first delay is inserted downstream the PI controller in order to take into account the time the vehicle control system needs to read the information about the engine (via OBD port) and battery, and to perform calculations defined by the control strategy. The second delay accounts for the electrical and mechanical response of IWM. While the delay of the VMU is of the order of 0.1 seconds (since the reading frequency of OBD port is about 10 Hz). In a first phase, the effects of the two delays are calculated separately, while afterwards their combination is considered. The effect that delays have on the ability of the driver to follow the required speed profile is then analysed. In order to pursue this goal, the following irregularity index of guide (IIG) is defined, corresponding to observed data set variance:
V is the actual speed, V r the desired speed and n the number of collected data. Evidently, the more IIG increases, the more the driver fails to realise the profile of the reference speed. As the error is intrinsic to the control system itself, IIG is never null, even in the absence of delays. Therefore, to identify the effects of delays, IIG is compared to the value that we would have in ideal conditions without system delays (IIG* = 0.2584): so, only the difference ΔIIG = IIG -IIG* is considered as effect of delays.
The simulations have been carried out for increasing values of delays starting from zero up to a maximum value of one [s] .
The effects due to delay in VMU (Figure 16 ) are quite negligible until approximately 0.1 s; once it reaches about 0.25 s, the irregularity grows rapidly, more than linearly. In such conditions, pedal oscillations increase in frequency and magnitude, since driver needs to press gas pedal (or brake) more often because vehicle does not respond to his commands immediately. As a consequence, also ICE torque oscillates significantly.
Also the IWM delay ( Figure 17 ) has a negative effect on the regularity of the guide. The index grows linearly with the delay until approximately 0.4 seconds, while a more rapid growth can be detected afterwards: in fact, until 0.4 seconds, the driver is still able to follow enforced speed profile quite well. The effect on torque and gas pedal is similar to the previous delay. Comparing the two graphs, it may be observed that VMU delay produces negative effects faster than the IWM delay, and therefore it is more critical for the system. A further analysis on the combined effect of the two delays has also been performed. Next two tables present the IIG corresponding to the combination of delay for VMU and IWM (Table 1) , and the additional effect due to the combination of the two delays (Table 2) , 2014) . The dynamic vehicle model has also been utilised to predict the effects of PS ratio on vehicle drivability. In case that the ICE is directly connected to gas pedal and drive by wire is not adopted, larger values of PS result in shorter excursion of gas pedal, and drivability would therefore tend to worsen. As a limit case, when PS goes to unit (only electric drive), ICE power and pedal excursion tend to zero, and the vehicle could not be driven. The effects of different values of PS on the irregularity index have been simulated by the model presented above, for different values of the actuator delays. It emerges that, in absence of actuator delays (blue line), the effects on drivability are quite negligible for PS values below 0.7, while become significant for higher values. As expected, the presence of delays in actuator chain tends to enhance the irregularity effects.
As specified above, these results have been obtained by simulation, by means of a vehicle model experimentally validated coupled with a driver model taken from literature. Nevertheless, the major outcomes have been confirmed by tests in vehicle, and specifically:
1 Absence of detectable drivability issues due to real actuator delays.
2 Presence of irregularities in driving when PS is over 0.8. Finally, it has to be remarked that no particular strategies have been implemented to differentiate the torque distribution between the two rear wheels as a function of steering angle. No critical issues have been detected during road tests in such conditions. Anyway, this aspect can be object of future studies dedicated to lateral stability aspects, also in order to develop suitable control strategies to take advantage of the possibility of independent torque vectoring.
Vehicle energy management
Many studies are available in the literature about the energy management and control of parallel HEV's and PHEV's (Sciarretta and Guzzella, 2007; Marano et al., 2009; Guzzella and Sciarretta, 2013; Arsie et al., 2005) . Instead, quite few papers have been so far dedicated to TTR HEV's Galvagno et al., 2013; Holdstock et al., 2013) , mostly focusing on torque vectoring and drivability rather than on energy management and control. These vehicles have some peculiar aspects that make them different from usual HEV's, impacting on energy management strategies also.
The first difference is due to the fact that the speed of electric motors is rigidly connected to vehicle speed; therefore, a degree of freedom is lost in determining the operating conditions of electric motor and generator.
A further difference occurs when gas pedal is directly connected to vehicle ECU, as in the prototype presented in this paper. In that case, when the driver steps on the accelerator, so demanding higher vehicle power, an increase in the engine power will necessarily result. And, similarly, a reduction in engine power will be always achieved when the driver releases gas pedal. Instead, in a native hybrid the increase in vehicle power could be achieved even by reducing the engine power and, in parallel, by increasing the electric motor power. This feature leads to limitation in maximum values of PS, as shown in previous chapter. The adoption of a drive by wire approach could overcome this problem, but adding complexity to the system. Therefore, a comparison between these solutions is needed, also to quantify the benefits achievable in return of higher cost of the kit.
In a recent paper from the authors , the optimal energy management for different configurations has been studied via dynamic programming (DP). DP is a method for solving a complex problem by breaking it down into a collection of simpler sub-problems, by means of the 'principle of optimality' (Bellman, 1957) . The algorithm uses a backward strategy, starting from the final value of the driving cycle, which must be known. Therefore, DP cannot be used for the real-time control, but rather for off line optimisation, as a benchmark for real-time strategies, unless it is coupled with predictive models (Arsie et al., 2005) .
In the analysed case, DP is designed to find the minimum fuel consumption for a given driving cycle, while satisfying constraints on battery SOC. The optimisation problem is defined by the following equations:
where PS is the PS, defined as the ratio between electric power, provided by wheel motors, and total power required for traction: this means that when all power required could be satisfied by WM the car works in a pure electric mode and PS = 1, while when all power is given by ICE the PS is zero. The cost function that must be minimised is:
( 1 2 ) where the terms under summation is the mass of fuel consumed at time k. The following equations describe the boundary conditions for the state variable:
The optimisation problem has been solved in MATLAB through the algorithm implemented by Sundstrom and Guzzella (2009) .
The following values have been used in the paper, unless otherwise specified: 2 Ideal powertrain hybridisation (IPH): it is assumed that electric motor speed is not constrained by vehicle speed, and that, for a given electric power, motor speed corresponding to the maximum electric efficiency could be adopted; it should be noticed that in this case, unlike in a native HEV, there are not downsizing effects with respect to the CV. The architectures were selected with the following criteria: standard engine and IPH are the lower and upper benchmarks, while the two selected architectures for TTR HEV compare two solutions with increasing implementation complexity and cost, in order to derive a trade-off useful for the choice of vehicle architecture. The results are shown in Table 7 . For each case, the percent increase with respect to the CV is also shown. It emerges that, as expected, the maximum benefit with respect to the CV is achieved with case 2, without constraints on motor speed and PS. The benefits gradually decrease while increasing constraints on motor speed and maximum PS values. The results also confirm that the advantages of the hybrid propulsion are maximised in urban driving, especially in cycles characterised by prevailing transient operation (FUDS), and are relatively lower, or even slightly negative in cases 4a and 4b, for highway driving (FHDS). These negative values can be explained considering that the vehicle model accounts for weight and inertia increase due to hybridisation. Moreover, it has to be remarked that no downsizing effects are achieved when hybridising an existing vehicle (but, on the other hand, vehicle performance is significantly enhanced). Maximum benefit is about 20% for IPH case over FUDS cycle, decreasing to 13.2% with TTR with DBW. The presence of further constraints on PS values (cases 4a and 4b) produces a slight reduction of hybridisation benefit, to 10.70% and 10.16%, with respect to TTR with DBW. In Figure 19 , the results of a TTR vehicle on a FUDS cycle, with and without limitations on PS, are shown. It may be observed that SOC trajectories do not differ in substantial way for the different cases analysed. In the following plot, the contribution of rear wheels over total vehicle torque is shown for the case when PS is limited to 0.7 (case 4a): the points on the bisector refer to PS = 1. This situation only occurs during regenerative braking, since during traction PS is limited to 0.7. Both for positive and negative values, wheel motor torque tend to saturate to its maximum values for large positive or negative values of vehicle torque. It can be also observed that, during traction, null PS values (i.e., thermal mode) are often selected, while recharging mode (negative wheel motor torque with positive vehicle torque) is almost never proposed. Results related to PS distribution during deceleration are presented. Finally, PS and SOC trend during FUDS cycle, in a real case (PS < 0.7) are shown in this last figure, compared to in-WM, ICE and breaking power: it is possible to see that PS tends to saturate to its maximum value 0.7, even if intermediate values (0 < PS < 0.7) are also selected.
Recharging mode is rarely selected in the examined cases, mostly due to the relatively low efficiency assumed for WM, that makes not convenient to subtract power from ICE, convert it in electrical energy, store it in the battery and then re-utilise in electric motor. The results improve significantly when assuming higher efficiencies for electric components that make it convenient also the adoption of recharging mode .
This study was conducted on a TTR vehicle powered by a SI engine, and adopting some simplifying assumptions on regenerative braking, i.e., considering that all the braking force could be actuated by rear wheels, within the torque limits of electric motors. This condition could be realised by modifying the distribution of braking force that in usual cars is mostly actuated by front wheels.
A more accurate study is in progress, analysing different distributions of braking forces between front and rear axles, also adopting innovative strategies for maximising energy recovery considering constraints on vehicle dynamics and wheel-road slipping (Grandone et al., 2016) . Modifying existing vehicles poses peculiar problems to the regenerative braking issues that are attracting increasing attention for hybrid vehicles (Jie et al., 2010) . Further studies are also in progress by the authors concerning applications of ECMS approach (Guzzella and Sciarretta, 2013) to solar hybridised vehicles.
Conclusions
Upgrading conventional cars to hybrid vehicles, possibly solar aided could have a relevant and short-term impact on fuel consumption and carbon dioxide emissions, since it may potentially be applied to most of the existing fleet at limited cost. It could also represent a viable way to produce a hybrid vehicle for OEM's, with minimal re-conversions of production lines of conventional cars, also enhancing vehicle performance, in particular acceleration. A recent survey conducted over more than a thousand potential users has shown good attitude toward this solution, with quite high level for the 'intention to adopt ' (De Luca et al., 2015) .
Converting a car to a TTR parallel hybrid vehicle poses specific problems, influencing powertrain design, energy management and control. The results of an analysis performed by DP has allowed to confirm that the major benefits are achieved in urban driving (FUDS cycle), and to obtain a trade-off between the level of complexity adopted for hybridisation (use of drive by wire) and fuel savings. The models used to achieve a precise real-time detection of active gear and of neutral gear conditions, without using additional sensors and making use only of low frequency OBD data, have been also presented and validated. A study performed with a forward vehicle model including driver simulation has shown that possible delays in the control and actuation chain do not impair significantly drivability, and have evidenced the existence of a limiting value for PS value when drive by wire is not adopted. Further studies are in progress to develop implementable real-time control strategies, taking into account solar recharge, exploring potential benefits and related critical issues in terms of drivability and stability associated with WM and integrating all the tools developed.
